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EXECUTIVE SUMMARY

Metallic nuclear fuels have been proposed for use in several emerging nuclear reactor designs, and a
number of codes have been developed to model these fuels and assess their performance. Qualification of
these metallic nuclear fuels will ultimately require monitored irradiation of lead test assemblies, but the
use of fuel performance codes can reduce the uncertainty associated with these efforts by quantifying
uncertainties and estimating margins to failure ahead of time. In this work, metallic fuel performance
code requirements are defined for the Versatile Test Reactor (VTR) project using input from the
Experimental Breeder Reactor Il functional requirements, operational requirements, and design criteria.
This work focuses on the thermomechanical responses and irradiation behaviors of metallic fuel elements
that are representative of the proposed VTR driver fuel design concepts. As such, many of the code
requirements and physics/modeling discussions in this work are expected to be broadly applicable to
metallic fuel applications outside of the VTR project.

Minimum technical code requirements were defined first. These requirements ensure that the code has the
capabilities needed to simulate the coupled thermomechanical fuel and cladding behaviors that impact
fuel performance and safety. In general, the minimum requirements dictate that the code must be able to
calculate values associated with fuel performance conditions and behaviors such as (1) fuel, cladding, and
coolant temperature, (2) fuel and cladding strain, including the effects of thermal expansion, swelling, and
creep, and (3) cladding stress, including the effects of internal fission gas pressure, fuel-cladding
mechanical interaction, and chemical reaction—induced wastage. Additional desired features were outlined
next. These features emphasize a higher degree of spatial resolution and address advanced models and
concepts such as cladding failure probability, constituent redistribution, and code coupling capabilities.
These features are expected to improve the fidelity and utility of code predictions.

Programmatic and logistical issues that are likely to impact fuel performance code development,
selection, and use were then examined. These issues relate to (1) acceptable levels of accuracy and
uncertainty in code predictions, (2) use of benchmarking, code comparisons, and uncertainty
guantification, (3) the availability of stable code versions, (4) quality control and assurance, (5)
computational performance and scalability, (6) controls and restrictions associated with proprietary and
export controlled information, (7) the availability of training and documentation for new and experienced
users, (8) compatibility with various operating systems, postprocessing tools, and irradiation experiment
databases, and (9) other cost, quality, and security concerns. These requirements will inform the
benchmarking plan which is to be prepared later in 2021 for the VTR project. In the benchmarking plan,
the selected metallic fuel performance code will be evaluated against the technical code requirements
presented in this document to identify potential shortcomings and to inform recommendations for further
development. The logistical and programmatic code requirements will continue to be refined as necessary
and appropriate in collaboration with VTR leadership, members of the VTR quality team, and others.

Vii



1. INTRODUCTION

Metallic nuclear fuels have been proposed for use in a number of emerging reactor designs, including
several reactors currently under development by private industry [1]-[3]. The US Department of Energy
Office of Nuclear Energy is also planning to construct a new fast-spectrum test reactor called the
Versatile Test Reactor (VTR) [4]. The materials to be used for these new reactor designs offer passive
safety characteristics. For example, proposed coolants have high boiling points and high heat transfer
capabilities, and the metallic fuel has favorable reactivity feedback behavior, high burnup potential (>20
atom percent [at. %]), and high 28U usage. These features also make the materials attractive for
commercial energy production [5]. Additionally, the metallic fuels can supply fast neutron fluxes, which
makes them desirable for material testing and degradation studies [6]. Despite these advantages, metallic
fuels have not yet been deployed extensively in commercial nuclear operations.

The US nuclear community has extensive non-commercial experience with U-Zr and U-Pu-Zr metallic
fuels in sodium-cooled fast reactors (SFRs). Tens-of-thousands of metallic fuel elements were irradiated
in Experimental Breeder Reactor 1l (EBR-11), including those during the Integral Fast Reactor (IFR)
program of the 1980s and 1990s [7]. These developments and design evolutions were responsible for
numerous major design and material improvements, thus establishing the foundation for current metallic
fuel element designs [8], [9]. Irradiation experiments were also conducted at the Fast Flux Test Facility
(FFTF) [10] and the Transient Reactor Test Facility (TREAT) [11], and numerous other supporting
scientific and engineering studies characterized the properties and performance of metallic fuels.

During operation, metallic nuclear fuel rods undergo fundamental material changes in response to the
temperature, loading, chemical, and irradiation conditions within the reactor. To meet specific safety
criteria, the significant changes that pose a risk to the fuel rod integrity or reactor control must be
assessed. Approaches for calculating the impact of these phenomena vary based on the desired degree of
accuracy and the available data. Due to the complex reactor environment, some fuel performance code
developers recommend a coupled multiphysics approach to determine integral fuel behavior under
representative conditions. This approach evaluates all phenomenological models simultaneously to obtain
a more realistic calculation. However, as more coupled models are introduced, the process quickly
becomes more difficult and computationally demanding. For faster and simpler approximations, hand
calculations with engineering assumptions may be used.

A number of codes have been developed in the United States and elsewhere to assess metallic fuels
against performance metrics and safety criteria, including LIFE-METAL [12], [13], SESAME [14],
ALFUS [15], MACSIS [16], FEAST-METAL [17], FAST [18], BISON [19], [20], and SAS4A [21]-]23].
These codes have been applied to aid in fuel element design, performance, and safety calculations; plan
and interpret the results of irradiation experiments; and support fuel qualification efforts. Each code was
developed under unique circumstances, and their implementations and predictive capabilities vary. While
the benchmarking results available in the open literature for these codes seem promising, code
documentation and access to the codes themselves are somewhat limited.

Use of fuel performance codes throughout the fuel design and qualification processes could mitigate some
of the costs and logistical constraints by providing greater understanding of operation and safety margins.
While fuel qualification will ultimately require irradiation and monitoring of lead test assemblies, the use
of fuel performance codes can reduce the uncertainty associated with these efforts by quantifying specific
uncertainties and estimating margins-to-failure ahead of time. As such, new reactor development will
likely rely on a combination of IFR-era designs and the safety and performance analyses obtained from
fuel performance codes. The purpose of this work is to define the requirements for a metallic fuel
performance code for the VTR project. These requirements are intended to help code developers prioritize
further work, establish and maintain quality programs, and compile relevant and comprehensive



performance benchmarks. The requirements will also help researchers and engineers evaluate the
applicability, reliability, and limitations of the codes available to them. Finally, the requirements will help
planners and program managers to coordinate these efforts.

First, the structure and geometry of metallic fuel elements and the materials commonly used in their
construction are reviewed. IFR-era functional requirements, operational requirements, and design criteria
are then examined. Metallic fuel thermomechanical responses and irradiation behaviors are then reviewed
to identify general expectations for fuel performance codes. Finally, the technical, programmatic, and
logistical concerns associated with the use of fuel performance codes are examined, and recommendations
for applying codes to support development of new reactors are provided.

2. ANATOMY OF A REPRESENTATIVE METALLIC FUEL ELEMENT

In this section, the components of a metallic fuel element representative of the proposed VTR driver fuel
design concepts are identified to establish common terminology and to provide context for the discussions
that follow [24]. Since the 1950s, experiments have been conducted using numerous types of metallic
fuels, including pure U and Pu metals, binary alloys such as U-Zr, Pu-Al, U-Cr, U-Mo, and mixed alloy
fuels such as U-Pu-Zr and U-Fs" [25]. Various cladding materials and fuel geometries were also explored
[5], [26], [27]. This work focuses on designs and materials from EBR-II during the final stages of the IFR
program. Specifically, this work focuses on the EBR-1I Mark-V and Mark-VA fuel designs, which were
not deployed before EBR-1I was shut down in 1994, but nevertheless, they embodied the knowledge
about U-Zr and U-Pu-Zr fuel at the time. These designs and materials were selected for the present work
because their successful development and use at EBR-11 and the wealth of operational data available for
them make them strong candidates for use in new SFRs.

This work considers (1) U-Pu-Zr fuel alloys with Pu contents between 0 and 20%", (2) ferritic-martensitic
HT-9, austenitic D9, and austenitic stainless steel 316 (SS316) cladding alloys, (3) fuel element
geometries with smeared densities* of approximately 75%, and (4) fuel elements that utilize a liquid
sodium bond. Non Zr-based metallic fuels and other fuels not intended for use in SFRs are not
considered. Multiple cladding materials that were used in the irradiation experiments are considered, as
they should likely be simulated to benchmark a metallic fuel performance code. While some aspects of
the EBR-I11 designs, such as fuel element dimensions, are expected to be different for specific reactor
designs, the features listed above are believed to represent the majority of new metallic fuel elements—at
least those being discussed for near-term deployment. A schematic drawing illustrating the various
components of a metallic fuel element is shown in Figure 1.

*A mixture of Mo, Ru, Tc, Pd, Zr, and Nb fission products, collectively referred to as fissium.
fAIl compositions in this work are expressed in weight-percent unless otherwise noted.
fRatio of the cross sectional area of the as-fabricated fuel to the inner cross sectional area of the as-fabricated cladding.
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Figure 1. Schematic cross sectional drawing illustrating the various components of a metallic fuel element
(the top of the fuel element is to the right; components are not shown to scale).

Several major changes have been proposed in some fast reactor fuel designs, including the use of
extruded annular fuels, which do not require sodium bonds [28], and inclusion of fuel-cladding diffusion
barriers to help mitigate fuel-cladding chemical interaction (FCCI) [29]. Some of the discussions in this
work may be applicable to those new designs, but the designs are not specifically addressed herein
because they may require additional or modified fuel performance code requirements.

3. METALLIC FUEL ELEMENT REQUIREMENTS AND DESIGN CRITERIA

The US Nuclear Regulatory Commission (NRC) establishes general design criteria for nuclear power
plants in the US Code of Federal Regulations [30]. These criteria were based primarily on light-water
reactor (LWR) technology. To facilitate design and licensing of advanced reactor concepts (including
SFRs), the NRC recently released guidance for developing principal design criteria for non-LWRs [31].
This guidance is intended to serve as a modification and to supplement the existing general design criteria
for different reactor technologies, but the underlying safety objectives remain the same. Criteria relevant
to this work relate to containment of radioactive nuclides, reactivity control, cooling, fuel handling and
storage, quality standards, and recordkeeping. These general criteria are used to define functional
requirements, operational requirements, and more specific fuel element design criteria.

This section reviews and discusses the safety analyses and technical justifications that were used to
inform requirements and design criteria for the EBR-11 Mark-V and Mark-VA fuel subassemblies [32].
These studies were chosen because they represent the most recent application of metallic fuel to an
operating reactor and because most of the associated information is publicly available, unlike information
about proprietary applications of metallic fuel to new commercial reactor designs. Even though these
studies may not reflect all of the recent advances in metallic fuel understanding and qualification
practices, they do establish a convenient baseline for designating the indicators of fuel element behavior
that are important to model and predict. With this baseline, contemporary, project-specific code
requirements can be developed.

The Mark-V and Mark-VA designs used ~34 cm long U-20Pu-10Zr fuel slugs clad with HT-9 and 20%
cold-worked SS316, respectively. The fuel slug diameters were varied to accommodate differences in
cladding thicknesses while preserving a smeared density of 75%, and an interim burnup limit was set at
10 at. %. These fuel design choices were influenced by (1) the objective to demonstrate closure of the fuel
cycle through the use of fuel produced in the Fuel Cycle Facility (hot cell), and (2) the idea that burnup
limits could be raised later if or when experimental data demonstrated acceptable performance and safety.



Even though fuel element dimensions, materials, and minor design features may differ among the reactor
types and purposes, there are enough similarities in their overall designs and irradiation behaviors to
allow for initial, general discussion of their requirements and design criteria. Throughout this work,
discussions that are broadly applicable to many fuel element designs are distinguished from those that are
specific to a particular material or design feature.

3.1 FUEL ELEMENT DESIGN FUNCTIONAL AND OPERATIONAL REQUIREMENTS

The functional requirements established for the Mark-V and Mark-VA fuel subassemblies included
producing heat and transferring it to the coolant, positioning fissile material for reactivity control and
cooling, containing radioactive isotopes, and facilitating fuel handling and core reload. Specifically, fuel
elements should [33]

e position fissile material in the reactor core in a stable, predictable manner to allow for a controlled
fission reaction,

o allow for effective transfer of nuclear reaction heat from the fuel to the coolant (or heat transfer
medium),

e provide containment of radionuclides (fuel and fission products) for operational convenience and as a
first barrier for safety, and

e provide/allow for a convenient means of loading fresh fuel into the core and removing and managing
spent fuel.

Design criteria are defined to limit or prevent processes that impede a fuel element’s ability to satisfy
these qualitative requirements. Quantitative limits for measurable or calculable parameters are established
when possible so that compliance with the criteria can be assessed under various operating conditions.
Generally, the processes of concern are changes to the fuel geometry such as cladding deformation and
cladding rupture. Cladding deformation may impede coolant flow and could lead to mechanical
interference with other core components, which can make fuel handling and core reload more difficult.
Cladding rupture releases radioactive fission products into the coolant, and depending on the fuel
temperature, it may also release molten fuel into the coolant, further disrupting coolant flow. Bulk fuel
melting can also result in fuel material relocation within the fuel rods and undesirable changes in
reactivity. How well a fuel design maintains the fuel and fission products in a known geometry and
prevents release to the coolant is a key consideration for some source-term estimates in safety
calculations, so it is a fundamental requirement under most known SFR safety bases.

Cladding wastage results from chemical interactions and diffusive processes, reducing the cladding’s
effective thickness and load-carrying capacity [34]. These processes are collectively referred to as fuel-
cladding chemical interaction (FCCI) and may include depletion of Ni and/or C in the cladding, as well
as formation of brittle, lanthanide-based phases. FCCI also causes accumulation of a U-Fe eutectic or
eutectic-like phase at the fuel-cladding interface. The low melting temperature of the phase makes
localized melting more likely and can further degrade cladding integrity through a process referred to as
eutectic liquefaction. These processes are detailed further in Section 4.

The operational requirements that were established for the Mark-V and Mark-VA fuel subassemblies
defined the expectations for their power levels, duty cycles (in terms of burnup or neutron fluence), and
performance during various design basis events, including normal operation and off-normal events. Off-
normal events include anticipated, unlikely, and extremely unlikely events such as loss of flow or



reactivity insertion. Although power levels and duty cycles will differ, these types of requirements and
design-basis events are generally applicable to other metallic fuel element designs.

3.2 FUEL ELEMENT DESIGN CRITERIA

The preceding section describes the requirements that a fuel element design must satisfy and the
phenomena that impede the ability to do so. Specific design criteria are established to ensure that the
effects of these in-service phenomena remain within the expected bounds. The design criteria established
for EBR-I1 Mark-V fuel elements are summarized and categorized by the likelihood of occurrence in
Error! Reference source not found. [32] below. This section examines the objectives of these criteria a
nd the methods used to monitor and enforce them, as well as recommendations on how they can be
generalized to a broader subset of metallic fuel element designs.

Table 1. The design criteria established for EBR-II Mark-V fuel elements
and the operating conditions to which they apply [32]

i . Extremely
Design Criterion Norm_al Anticipated  Unlikely unlikely
operation events events
events

1.1 The thermal component of the plastic diametrical v

strain for the cladding shall be less than 1%.
1.2 The cumulative damage fraction (CDF) for the v

cladding shall be limited to 0.05.
1.3 The power in the hottest fuel pin shall be less than v V4 V4

the minimum value for incipient bulk fuel melting.
1.4 The power-to-flow ratio and the power in the v

hottest fuel pin shall be less than the minimum
value for macroscopic eutectic liquefaction at the
fuel-cladding interface.

1.5 The plenum pressure shall be less than that which v
would cause a peak, radially averaged hoop stress
in the cladding of 150 MPa in the hottest fuel pin.

1.6 The cumulative eutectic penetration of the cladding v v v
shall be less than 5% of the wall thickness.

1.7 The CDF for the cladding shall be less than 0.1. i v
1.8 The cumulative thermal component of the plastic v v
diametrical strain for the cladding shall be less
than 1%.
1.9 The core shall remain coolable. v i v N4

Many aspects of these design criteria require further discussion. These criteria are determined through a
combination of the material limits derived from testing, the safety factors applied to ensure fuel failures
remain unlikely, and the functional and operational requirements defined for the fuel. While the purposes
of the criteria are rooted in theory, the process by which they are monitored and enforced is a more
practical matter. This distinction is important because some quantities can be measured experimentally
whereas others can only be predicted using hand calculations and fuel performance codes. For example,
Criteria 1.3 and 1.4 are primarily concerned with the temperature of the fuel, which cannot be easily
measured in situ. In practice, these criteria are satisfied by enforcing limits on the power and power-to-
flow ratio, which can be monitored more easily. Note that these criteria implicitly rely, in part, on



calculations that relate the rates of heat production, transport, and removal, which change over time due to
the effects of fission on the fuel structure.

Several of the criteria are either redundant or interrelated. These redundancies are included because

(1) multiple processes can contribute to violation of a functional requirement, and (2) different standards
are applied during normal operation vs. off-normal events. Likewise, multiple criteria can be specified to
establish guidelines for singular requirements. For example, Criteria 1.1, 1.2, and 1.4-1.8 limit behaviors
that contribute to cladding rupture, and Criteria 1.1 and 1.8 impose constraints on cladding deformation
that can restrict coolant flow (by reducing the available flow area through the fuel rod bundle), can lead to
mechanical interference with other core components, or can otherwise indicate accumulating cladding
damage. Meanwhile, Criterion 1.6 simultaneously limits reduction of cladding wall thickness by limiting
the amount of U-Fe eutectic that can form and contribute to eutectic liquefaction. It would be more
straightforward if a fuel element could be assessed based on a one-to-one relationship between its
requirements and design criteria. However, the coupled nature of the multiphysics processes involved
may make this approach impractical for many applications.

Metallic fuels have multiphase structures at room temperature and during operation, and their phase
compositions change during irradiation due to constituent redistribution and other phenomena. Phases
with low Zr content have the lowest melting temperatures. The volume-fractions of these low melting
temperature phases vary spatially, depending on the bulk constituent composition and local temperature.
Fuel—cladding interdiffusion leading to U-Fe eutectic formation at the fuel-cladding interface and
possibly in the fuel itself (observed in out-of-pile tests at elevated temperatures) introduces additional
complexities by further reducing melting temperature. Phenomenologically, some incipient melting in a
mid-radius low-Zr fuel zone might be acceptable, but Criteria 1.3 and 1.4 can both be satisfied if fuel and
eutectic melting are prohibited altogether (neglecting the formation of minor volatile fission products). As
such, requiring that local fuel temperature remain below the local solidus temperature (based on the
expected local composition after fuel constituent redistribution and fuel—cladding interdiffusion) may be
the most generally applicable approach for normal operation. This approach would also help to satisfy
Criterion 1.9 by limiting the amount of molten material available that can contribute to flow blockages if
the cladding were to rupture, but it may be too restrictive for anticipated, unlikely, and extremely unlikely
events.

Cladding materials in this environment are susceptible to fundamental material and microstructural
changes such as wastage, irradiation-induced swelling, and thermal and irradiation creep. The fuel
cladding is also subject to various loading conditions and deformation in response to internal fission gas
pressure and fuel-cladding mechanical interaction (FCMI). These design criteria place limits on the
thermal component of the plastic diametrical strain in the cladding, but they do not differentiate between
deformation caused by cladding swelling, irradiation creep, and the stress induced by FCMI. These
omissions may limit the applicability of the criteria to other fuel element designs and operational
conditions, particularly at higher burnups. However, these functional and operational requirements,
design criteria, and other observations set a baseline for which indicators of fuel element behavior are
important to model and predict.

3.3 POSSIBLE MODELING APPROACHES

The ability to accurately and confidently calculate the fuel element behavior indicators identified in the
preceding section prior to irradiation of lead test assemblies would add confidence that the fuel design
will fulfill its design functions. There are two plausible approaches to predicting fuel performance,
separated by varying degrees of accuracy: (1) engineering approximations and hand calculations, and

(2) fuel performance codes. The details of each approach are described in the remainder of this section to
illustrate their various merits and shortcomings.



3.3.1 Hand Calculations

A simple example of the first approach involves applying the thick- and thin-walled pressure vessel
approximations to estimate whether a given fuel element design is likely to withstand certain operational
conditions without failure. These techniques can be applied in countless ways: this example is generally
illustrative of their advantages and limitations. The example considers a metallic fuel element based on
the reference design parameters recommended by Crawford et al. [26], which are listed in Table 2 [32].

Table 2. Composition and dimensions of an example metallic fuel element based
on the reference design parameters recommended by Crawford et al. [26]

Fuel element parameter Value
Fuel type U-20Pu-10Zr
Cladding type HT-9
Fuel length 91 cm
Fuel radius 0.25cm
Cladding thickness 0.06 cm
Cladding outer radius 0.345cm
Total plenum volume at 25°C 25 cm?®

Sodium level above fuel (assumed) 1cm

Assuming that cladding rupture occurs due to internal fission gas pressure only, the maximum burnup to
which the fuel element can be operated while minimizing the risk of cladding rupture can be estimated as
follows. The fission gas yield is assumed to be 25%, fission gases are assumed to be immediately and
fully vented to the plenum, and the fuel and cladding dimensions are assumed to be independent of
temperature and burnup (neither undergo creep nor swelling). Fission gases have been shown to be
compressible at typical plenum pressures [35], but the ideal gas approximation is expected to be
sufficiently accurate for the purposes of this simple example.

The cladding is assumed to behave like a hollow cylinder of infinite length so that mechanical interactions
near its end plugs do not need to be considered. The thin-wall approximation is generally valid when the
ratio of the wall’s mid-radius r,, to its thickness t is about 10 or more. Both the thick- and thin-wall
approximations are used for this example because the fuel element’s 1, /t ratio is about 5.3. Assuming
that the pressure outside the cladding is negligible (near-atmospheric), the thick-wall approximation gives
the maximum hoop stress in the cladding o}, which occurs at its inner surface, as

2 2
e+
GhZPﬁ; 1)

where P is the fission gas pressure, and r; and r,, are the inner and outer radii of the cladding,
respectively. Similarly, the thin-wall approximation is given as

op = P @)
t
Using the dimensions from Table 2 in Egs. (1) and (2) shows that the two approximations differ by only
about 1% in this case, so the simpler thin-wall approximation is sufficient for the remainder of the
example. Based on the fuel element dimensions, the fuel and plenum gas volumes are about 17.9 and 24.7
cm?, respectively. Using a fuel density of 15.8 g/cm?, about 1.06 mols of heavy metals are present in the



fuel element at startup. Given the assumptions above, this yields approximately 2.65 x10- mols of fission
gas per atom-percent burnup. (The gas content of the plenum at startup is insignificant because it is argon
at sub-atmospheric pressure.) Finally, Eq. (2) can be combined with the ideal gas law to obtain

nRT 1y,
o = % t ) (3)
where n is the number of mols of fission gas in the plenum (which scales with burnup), R is the ideal gas
constant, T is the temperature, and V is the plenum gas volume. At a temperature of 600°C, this analysis
suggests that the fuel element can be operated until about 36 at. % burnup before the internal fission gas
pressure is sufficient to induce a hoop stress in the cladding of 150 MPa (the limit specified for EBR-II
Mark-V fuel elements during normal operation). This approach can deliver estimates like these quickly
and easily.

Admittedly, this hand calculation is based on a substantial number of simplifying assumptions, not all of
which were conservative. A safety factor could be applied when assessing the margin to the 150 MPa
limit, but a basis for the safety factor value would need to be developed. This analysis suggests that
cladding rupture would not be a concern for fuels operated up to 20 at. % burnup (which is supported by
results of irradiation testing in EBR-Il and FFTF), but the effects of FCMI and FCCI were not explicitly
addressed in the simpler calculation. Therefore, this hoop stress calculation alone may not be sufficient to
demonstrate satisfactory performance with respect to the fuel element design criteria.

Accounting for these additional considerations within this simpler approach would become increasingly
complex and difficult to perform and defend. Accurate prediction would also require applicable fuel and
cladding temperatures to be calculated (rather than assuming a conservatively high temperature), as well
as the fuel and cladding strains due to thermal expansion, creep, swelling, and the likelihood of cladding
failure. Correlations could be applied to conservatively predict some of these quantities, but without more
assumptions and simplifications or more sophisticated calculation techniques, coupled effects would be
missed. Based on these factors, this approach may be best suited for preliminary estimates and scoping
calculations, as well as straightforward confirmatory calculations.

3.3.2 Fuel Performance Codes

The second approach uses fuel performance codes to predict the integral thermomechanical response of
the fuel element. The codes solve partial differential heat generation/transport and stress divergence
equations to directly calculate temperature, stress, and strain throughout the fuel element. Material-
specific correlations are used to define properties such as thermal conductivities, specific heat capacities,
thermal expansion coefficients, and elastic moduli. Behavioral models are employed to account for
irradiation and other effects such as porosity development, swelling, fission gas release (FGR), creep, and
cladding wastage and damage.

Fuel performance codes offer designers higher resolution information, but these improvements have a
cost. Depending on the code used, calculations can be computationally expensive, requiring hours or days
to run on high performance computing clusters. In this scenario, new users must overcome steep learning
curves, and experienced code developers trained in both nuclear engineering and computer science must
be kept on staff to maintain and update the codes.

As with the example here, the accuracy and reliability of results obtained from fuel performance codes
depends strongly on the accuracy of the models of fuel phenomena, the quality of input parameters, and
the validity of the assumptions and simplifications employed. Publicly available documentation and
benchmarking studies suggest that existing codes are at least as reliable as hand calculations, but the



sparsity of this vital supporting documentation makes it difficult to claim that any of the codes contain the
tools necessary to accurately predict the behavior of all the relevant fuel and cladding materials under all
operating conditions of interest.

Their current limitations notwithstanding, these codes are valued because they account for the coupled
effects of various thermomechanical and irradiation behaviors, and they also provide additional insight
into fuel element behaviors that are not easily observed in experiments. Using fuel performance codes to
assess the behavior of oxide fuels is ubiquitous and has provided confidence in the prediction of oxide
fuel performance under design-basis conditions, particularly for LWRs. Based on these factors, a similar
deployment for metallic fuels is envisioned. The following sections review metallic fuel behaviors in
greater detail and define the code requirements necessary to implement this approach.

4. METALLIC FUEL BEHAVIOR AND PERFORMANCE

This section provides a more thorough review of the physical processes that influence fuel temperature,
and strain, as well as cladding temperature, strain, stress, wastage, and damage. The individual
contributions to each of these quantities are examined, and attention is drawn to significant differences
between the responses of the various fuel and cladding materials. The content is focused on experimental
observations and the theories established to explain them. Practical details related to modeling the
observed behaviors and how those models should be implemented in a fuel performance code are
discussed in Section 5.

The integral performance of a metallic fuel element is a function of its thermomechanical response to a
condition that changes over time in service, including degradation of cladding properties, accumulation
and effects of fission products, and interdiffusion and migration of fuel and cladding constituents and
fission products. Thermomechanical responses are modeled using equations such as heat
generation/transport and stress divergence. These modeling techniques account for phenomena such as
heat conduction, thermal expansion, elasticity, plasticity, and thermal and mechanical contact; however,
the techniques are common to many engineering applications. They have been successfully applied for
decades to predict the behavior of metallic and oxide fuels [18], [36].

Behaviors associated with reactor operation add to the complexity of modeling nuclear fuel. These
behaviors are induced by the interaction of neutrons and fission fragments with the material. Irradiation
behaviors involve processes such as irradiation-induced swelling (void swelling in the cladding and
fission product-driven swelling in the fuel) and irradiation creep; these behaviors vary with material and
operational conditions. The irradiation behaviors of concern are gaseous and solid swelling in the fuel,
porosity formation and evolution in the fuel, FCMI, FGR, irradiation creep in the fuel and cladding,
irradiation-induced swelling and embrittlement in the cladding, FCCI, and constituent redistribution in the
fuel. These behaviors are responsible for fuel and cladding deformation and can influence changes in
material properties such as thermal conductivities and elastic moduli. Each behavior is discussed in
further detail below, and more in-depth reviews are available in the open literature [9], [34], [37], [38].

When a fresh metallic fuel element is irradiated in a reactor, gaseous and solid fission products begin to
accumulate within the fuel lattice, causing it to swell [39]. The gaseous fission products accumulate and
form pores or bubbles, which eventually grow to interconnect as channels that allow fission gases to
migrate toward the surface of the fuel. Fission gases (roughly 70 to 80% of those generated) are
ultimately released into the fuel element plenum, where they increase the pressure and contribute to
cladding hoop stress. The interconnected pores continue to vent new gaseous fission products to the
plenum, limiting additional gaseous swelling. Fuel swelling is essentially constant from the onset of FGR
to about 10 at. % burnup [40]. During this time, new solid fission products are accommodated by growth



into the fuel porosity. Experimental results from EBR-II suggest that FGR may vary with Pu content, but
the data are too limited and scattered to make a conclusive judgement [9].

Fuel swelling can affect core reactivity, and axial elongation is a particular concern due to the high aspect
ratio of the fuel. The binary fuels irradiated in EBR-1I generally exhibited greater swelling and axial
elongation than the ternary fuels [41], [42]. Differences in the fuels’ swelling behaviors may be due to
differences in their crystalline structure and creep rates. However, no generally applicable theories or
models capable of explaining these phenomena have been put forward. Swelling is generally agreed to be
anisotropic in the low-temperature phases [39], but the available experimental data are insufficient to
describe the swelling behavior of the stable multiphase mixtures that are dispersed throughout these fuels.
Prediction of axial fuel swelling is further complicated by the effect of fuel-cladding contact and its
presumed contribution to resisting axial elongation of the fuel column.

Excessive radial fuel swelling in conjunction with thermal expansion produces contact between the fuel
and cladding, causing FCMI. The fuel rod’s smeared density is carefully chosen so that gap closure and
porosity interconnection occur at roughly the same time, effectively ending swelling due to gaseous
fission products as they are released and limiting FCMI [43]. This feature prevents stress buildup that
might otherwise contribute to cladding rupture at low burnup. Because the fuel is notably more pliant than
the cladding under these conditions, radial constraints on the fuel from the cladding may force fuel to
swell in the axial dimension, driving further fuel elongation via thermal and irradiation creep; however, it
is also possible that fuel-cladding contact provides frictional resistance against fuel elongation. The risks
to the cladding associated with FCMI increase with burnup due to the accumulation of solid fission
products and corresponding reduction in fuel porosity.

Low conductivity fission gases and porosity degrade heat transport through the fuel. Interconnected pores
also provide pathways for high conductivity liquid sodium to enter the fuel from the gap, but questions
remain about when sodium infiltration occurs and how deeply the sodium penetrates the fuel. Sodium
infiltration is particularly difficult to characterize because many post-irradiation examination (PIE)
techniques disrupt the fuel’s sodium content. Studies based on the average fission gas and sodium
contents of irradiated fuels suggest that their combined effects lower the effective thermal conductivity of
the fuel, thus increasing fuel temperature [40]. Fortunately, other studies have shown that the magnitudes
of these behaviors’ effects on fuel temperature are much smaller than the margin to fuel melting [44].
Nonetheless, uncertainties associated with these behaviors and the temperature dependence of many
material properties reduce our ability to predict fuel element response.

As is the case with fuel swelling, it is possible that differences in phase composition between binary and
ternary fuels impact FCMI and fuel creep. Many of the correlations used to describe the behavior of
metallic fuels were based on samples from a limited number of alloy compositions fabricated using
different methods and having different irradiation histories [45]. The limited coverage of fuel composition
effects and confounding of results from other uncharacterized parameters are likely to impact the
accuracy and reliability of predictions obtained from hand calculations and fuel performance codes.

Current candidate cladding materials—HT-9, D9, and SS316—are susceptible to thermal and irradiation
creep and irradiation-induced swelling in varying degrees. The alloys also vary in strength and in their
susceptibility to irradiation hardening from accumulation of irradiation-induced defects, radiation-induced
segregation, and formation of secondary precipitates [46]. Of these materials, HT-9, a ferritic-martensitic
steel, exhibits significantly less void swelling than austenitic alloys SS316 and D9 when subjected to high
fast neutron fluxes at SFR-relevant temperatures [25], [47]. Correlations describing these swelling, creep,
and creep-rupture behaviors can be used to predict cladding performance and to inform the establishment
of deformation and cladding failure probability limits.
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The thermal and irradiation creep contributions are characterized by comparing experiments involving
pressurized tubes at various pressure loadings, temperatures, and neutron fluxes. The magnitudes of the
two contributions vary axially with fuel rod conditions. Thermal creep is more pronounced near the top of
the fuel, where the temperature is highest. Irradiation creep is more prevalent near the fuel midplane,
where the fast neutron flux is highest, and it is generally less of a performance concern. Depending on
materials and operating conditions, these two contributions can be observed as multiple, often convoluted
peaks in cladding profilometry data [48].

As noted in previous sections, mechanical contact between the fuel and cladding also enables FCCI [34].
The austenitic cladding materials considered here are susceptible to Ni depletion via FCCI, and HT-9 is
susceptible to C depletion. These diffusive processes effectively thin the cladding through formation of
wastage layers, which are conservatively assumed to be strengthless [47]. Lanthanide diffusion into the
cladding can also form a brittle wastage layer, further reducing the margin to cladding rupture. Diffusion
of Fe into the fuel lowers the solidus temperature of the affected fuel region and the associated margin to
melting, increasing the risk of eutectic liquefaction [49]. FCCI is often observed near the top of the fuel
slug, where high temperatures enhance interdiffusion.

As described in previous sections, multiple crystalline phases are stable in metallic fuels at room
temperature and during normal operation. Temperature and chemical potential gradients between these
regions with different phase compositions drive redistribution of fuel constituents [50], [51]. Constituent
redistribution impacts the phase composition of the fuel and therefore its local melting temperature and
other thermomechanical properties. Currently, the majority of property and behavior correlations
available for metallic fuels are expressed in terms of bulk constituent composition, temperature, and/or
burnup.

5. CODE REQUIREMENTS

This section defines technical and programmatic/logistical requirements for a metallic fuel performance
code. It is helpful to distinguish between (1) a code’s capabilities (the basis of technical requirements) and
(2) the characteristics required for the code to be useful for a particular application (the basis of
logistical/programmatic requirements). While the needs of each project and program will differ, these
requirements should be generally applicable for codes intended for evaluation of new metallic fuel
designs based on IFR-era designs. Specifically, these requirements are intended to support (1) U-Pu-Zr
fuel alloys with Pu contents between 0 and 20%, (2) ferritic-martensitic HT-9, austenitic D9, and
austenitic SS316 cladding alloys, (3) fuel element geometries with smear densities of approximately 75%,
and (4) fuel elements that utilize a liquid sodium bond.

5.1 TECHNICAL REQUIREMENTS

Technical code requirements can be further divided into (1) behaviors and parameters to be modeled by a
code and (2) how those models should be implemented and solved. The former category relates closely to
earlier discussions involving design criteria and fuel performance. The latter category involves aspects of
code architecture that handle transient or steady-state calculations and factors that impact the usefulness
of predictions such as resolution and accuracy. Each of these considerations is described further below;
these discussions are used to inform more formal technical requirements.

5.1.1 Behaviors and Parameters to be Modeled by a Code
To assess whether a fuel design can satisfy the design criteria, a fuel performance code should be able to

calculate (1) fuel and cladding temperature, (2) fuel and cladding strain due to thermal expansion,
irradiation-induced swelling, thermal creep, and irradiation creep, and (3) cladding stress due to internal
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fission gas pressure and FCMI, with consideration of cladding wastage. These calculations require models
for heat generation and conduction, thermal expansion, elasticity, fuel-cladding contact, gaseous and
solid swelling in the fuel, porosity formation and evolution in the fuel, FCMI, FGR, irradiation creep in
the fuel and cladding, irradiation-induced swelling and embrittlement in the cladding, and FCCI. Models
for constituent redistribution would also help with the initial correlation of metallic fuel properties and
behaviors to local phase and constituent compositions rather than bulk constituent composition. Similarly,
models that predict cladding failure probability would aid in assessment of margin to cladding breach.

The ideal fuel performance code would include a full set of correlations and models for all fuel and
cladding material properties and behaviors. Unfortunately, the technical complexity of developing such a
code and the limited availability of fundamental property data for some fuel element materials make this
task unrealistic at this time [38]. However, engineering judgement can be used to define minimum
requirements and additional features as realistic and achievable goals for the near term while ensuring that
codes provide useful predictions. Because the codes may sometimes be based on sparse experimental data
and/or unrealistic assumptions and simplifications, it is very important that the implications of known
shortcomings be fully explored and documented. Benchmarking studies must be conducted to evaluate
code accuracy and precision, and tools like uncertainty quantification should be applied to characterize
uncertainties in code predictions and the sensitivity of code results to those uncertainties.

5.1.2 Model Implementation and Solution

Existing codes offer various levels of dimensionality ranging from 1.5 to 3D. In a typical 1.5D approach,
several radial 1D simulations are conducted at different axial heights. Limited coupling between the axial-
specific simulations is achieved through axial relations and/or boundary conditions. This approach, which
was widely adopted by early metallic fuel performance codes, takes advantage of the high aspect ratio of
the problem to deliver predictions with minimal computational expense. The increasing availability of
computational resources has recently made 2D axisymmetric simulations a popular choice. This approach
allows for straightforward creation of multi-body fuel and cladding problems, permitting more flexible
geometries, eliminating the need for axial relations, increasing the potential for visualization, and
allowing for more intuitive definition of multidimensional phenomena such as mechanical contact and
material deformation. 3D simulation techniques with the potential to more realistically model behaviors
such as buckling and fuel relocation are also available, but these are used less frequently because the
computational cost scales quickly with the number of problem dimensions. Both 1.5 and 2D approaches
are expected to be appropriate for metallic fuel performance simulations in the near term.

Spatial discretization is also an important consideration in fuel performance simulations, which are
normally performed using either the finite difference or finite element method. Each method has
advantages and limitations, but both are expected to be sufficient for near-term modeling needs. Early
fuel performance codes were developed to take advantage of the difference in time scales between normal
operation and off-normal events. Separate code modules were sometimes written to model normal
operation (often referred to as steady-state operation), during which behaviors of interest occur over
periods ranging from days to years, and off-normal events (often referred to as transient operation),
which occur in the range of fractions of a second to minutes [18], [36]. The two approaches are often
optimized using different time integration schemes and solver options. Other codes utilize adaptive
meshing and time-stepping schemes, as well as restart and recovery options, to seamlessly transition
between the two time scales. This added flexibility makes these codes attractive for studies that involve
simulating a wide variety of operating scenarios and conditions.

The ability to couple a fuel performance code to other codes is also an important consideration to improve

the fidelity of the simulation. Coupling to engineering-scale codes such as a neutronics or thermal
hydraulics code can help capture impactful multiphysics behaviors, whereas coupling to lower length
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scale codes can be used to supplement sparse fundamental property data with results from density
functional theory, molecular dynamics, and phase-field simulations [52]. These techniques can help
define material properties in the absence of experimental data, ensure consistency between boundary
conditions and forcing functions, and more.

5.1.3 Recommended Technical Requirements

Selected technical code requirements based on these discussions are summarized in Table 3. The
minimum requirements correspond to a code that could be used for trend analysis to inform design
decisions. Such a code would include substantial simplifications and assumptions and would likely rely
heavily on calibration. It could be confidently applied only to narrow ranges of materials, geometries, and
operational conditions. Incorporation of one or more desired features would make the code more useful
by enabling it to simulate increasingly more detailed and realistic phenomena. The requirements explicitly
state which parameters and behavior indicators a fuel performance code should be able to calculate to
predict the margins to fuel melting and cladding rupture. The necessary material properties and behavioral
models are implied by the requirements. Guidance related to problem dimensionality, handling of steady-
state and transient operations, and coupling capabilities is also included in Table 3.

Table 3. Summary of selected technical code requirements

Code capability Minimum requirement Additional desired features
Calculate fuel temperature Spatially resolved
Calculate cladding temperature Maximum temperature Spatially resolved
Calculate coolant temperature Along fuel element length  Axial and azimuthal (polar) resolution
Calculate fuel strain due to: Integral fuel strain Spatially resolved due to each individual
e Thermal expansion contribution

e Gaseous swelling

o Solid swelling

e Porosity closure
(hot pressing)

e Thermal creep

o Irradiation creep

Calculate cladding strain due to: ~ Maximum total radial Spatially resolved due to each individual
e Thermal expansion strain contribution
o Irradiation-induced swelling
e Thermal creep
o Irradiation creep

Calculate cladding stress due to:  Maximum hoop stress Spatially resolved stress state
o Internal fission gas pressure
s FCMI
Calculate wastage region Maximum cladding Spatially resolved due to the individual
thickness penetration contributions of FCCI and eutectic liquefaction
Calculate cladding failure Spatially resolved failure behavior
probability
Model constituent redistribution Spatially resolved phase and constituent
compositions
Address problem dimensionality  1.5D 2D and 3D
Provide steady-state and transient Separate Combined
capabilities
Provide coupling capabilities Compatible with lower length scale, thermal

hydraulics, neutronics, and systems codes
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5.2 PROGRAMMATIC AND LOGISTICAL REQUIREMENTS

The technical code requirements introduced in the previous section were motivated primarily by the need
to simulate physics and material behavior during operation. Further discussion is necessary to outline
programmatic and logistical code requirements, which help to ensure that a fuel performance code can
provide useful information in practical situations. Programmatic and logistical code requirements can be
further divided into requirements that relate to (1) accuracy and uncertainty, (2) computational
performance, and (3) accessibility and ease of use. Each of these categories is detailed further below.

5.2.1 Accuracy and Uncertainty

The utility of a fuel performance code to a particular project or program may be limited unless it can
provide sufficiently accurate predictions with acceptable levels of uncertainty. The needs of each project
and program will differ, so quantitative requirements for these metrics are not prescribed in this report.
Instead, the focus here is on more general considerations such as definition of what constitutes acceptable
estimates of accuracy and uncertainty, as well as the determination of how these metrics should be
evaluated, how frequently, and by whom? Determination of what constitutes acceptable estimates of
accuracy and uncertainty depends on the project or program. The confidence in and utility of a code’s
predictions generally increases with the number of successful benchmarking studies and the availability
of quantitative (as opposed to qualitative) uncertainty results.

The accuracy of a code can be evaluated using benchmarks, which involve simulating irradiation
experiments and comparing code predictions directly to PIE data. Benchmark simulations require detailed
heat generation and coolant flow data to properly define boundary conditions and forcing functions. The
limited availability and resolution of these data define an upper limit on how well an irradiation
experiment can be reproduced within the code. Often, simulations must be conducted in regions of the
design space for which there are no experimental data. Comparisons between multiple, independent fuel
performance codes can be used in these cases. Agreement between the codes increases the confidence in
their predictions, but benchmarks are typically preferred. Code comparisons also allow for comparison of
predictions for quantities that cannot be measured using PIE.

Uncertainties can be evaluated using methods such as forward uncertainty quantification, in which
simulations are conducted using input parameters drawn from statistical distributions to examine the
overall effects on a code’s predictions [53]. This technique can be applied to quantitatively estimate the
relationship between variations in parameters like manufacturing tolerances and code predictions such as
peak fuel temperature.

Establishing benchmark problems is a crucial step toward gaining confidence in the predictive capabilities
of the code. Operational and PIE data collected from IFR-era experiments involving different geometries,
fuel and cladding materials, and irradiation conditions are available in online databases [54]. These data
can be used to construct benchmarks that span large portions of the design space. A code with the
flexibility to model multiple different designs could utilize more of the available historical data. This is
particularly advantageous if the design of interest has only been subjected to limited testing or no testing
at all. Demonstrating acceptable accuracy over a range of design parameters increases confidence in a
code’s ability to interpolate within that range.

It is usually not sufficient to test a single model or material property, because metallic fuel element
irradiation behaviors are very tightly coupled. This makes benchmarks particularly important, as they
offer a means to test integral effects. Ideally, a suite of benchmarking studies would be conducted to
evaluate all code revisions. Given that, it may be advantageous for developers to periodically release
stable, vetted versions of the code. The entity performing the vetting may vary. Some projects and
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programs may leave this task to the code developers, whereas others may require researchers, engineers,
regulators, or selected users to independently assess the code.

NRC’s general design criteria require that quality standards and recordkeeping practices be established to
support the design of any components important to safety. It is logical that a quality assurance program
should be applied to the fuel performance codes that are used to inform fuel element design and that
provide supplemental information for their safety bases. One such program is the American Society of
Mechanical Engineers (ASME) Nuclear Quality Assurance-1 (NQA-1) certification [55]. NQA-1 offers
guidance to help code developers establish quality programs appropriate for their codes and then provides
a common standard against which to evaluate those programs. Compliance with standards like these
further enhances confidence in fuel performance code predictions.

5.2.2 Computational Performance

Computational performance is another important consideration. Projects and programs may need to
establish requirements for scalability, compatibility with different operating systems, and overall resource
usage. These requirements may vary, depending on whether fuel performance simulations will be run on
desktop machines or high-performance computing clusters, and whether the work will require extensive
use of sensitivity analysis, uncertainty quantification, and/or model calibration. As mentioned above, the
time and resources necessary to perform these calculations quickly increases with the spatial, temporal,
and physical fidelity of the simulation.

5.2.3 Accessibility and Ease of Use

Code accessibility and ease of use are also important factors to consider. While some codes are widely
available, access to others can be restricted due to export controls or inclusion of sensitive and/or
proprietary information. The learning curve for fuel performance codes is often steep, so the availability
of experienced users and/or training for new users are important considerations. Detailed, thorough, well-
cited code documentation is a valuable tool for both new and experienced users. Codes with fewer
configurable options are typically easier to use, but they do not offer the flexibility of more customizable
codes. Some applications may require maintenance or modification of the code. In these cases, it may be
advantageous to select a code implemented using a modern programming language and an object-oriented
design. These features may make it easier to modify the code while observing quality assurance
requirements.

Use of some codes may offer other advantages, such as compatibility with common file formats for input
file generation, data processing, and visualization and compatibility with irradiation experiment and
material property databases. Fuel performance codes also differ in their reliance on underlying libraries,
which are used for finite element analysis, numerical solution of differential equations, and more. Use of
codes that employ proprietary libraries may enhance quality and security, but this may require usage
licenses and subscriptions at additional cost. Open-source libraries may be more flexible and cost
effective, but they are less well controlled and could require additional quality assurance measures.

5.24 Recommended Programmatic and Logistical Requirements

It is difficult to define general programmatic and logistical code requirements because they depend on the
specific needs of the project or program involved. Important considerations from this section are
summarized in an easily referenced list below. These factors should be considered when selecting a fuel
performance code, prioritizing further code development, establishing and maintaining quality programs,
and compiling a code benchmarking plan:
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1. Acceptable levels of accuracy and uncertainty and definition of how these metrics must be evaluated,
how frequently they must be evaluated, and by whom

2. Determination of how benchmarking, code comparisons, and uncertainty quantification will be
employed to establish confidence in code predictions

3. Availability and acceptability of stable, vetted versions of the code for the proposed work, or in their
absence, determination of how the above techniques will be applied to evaluate new code revisions

4. Definition of the quality assurance and documentation standards to be observed
5. Requirements for computational performance, scalability, and operating system compatibility

6. Controls or restrictions necessary to protect sensitive and/or proprietary information, and applicable
export controls, if any

7. The training and documentation available to users and the time needed for users to become proficient
in using the code

8. Identification of the necessary code modifications and assessment of how difficult they will be to
implement while conforming to established quality protocols

9. Code compatibility with the preferred data processing and visualization tools and with the databases
to be used in the work

10. Requirements associated with the cost, quality, security, and flexibility of underlying libraries, if any

6. CONCLUSIONS

Metallic nuclear fuels have been proposed for use in several emerging applications, and a number of
codes have been developed to model their performance. The results from benchmark problems available
for these codes in the open literature seem promising, but documentation of the codes and access to the
codes themselves are generally limited. While fuel qualification will ultimately require irradiation and
monitoring of lead test assemblies, use of fuel performance codes can lessen the uncertainties associated
with new fuel designs by gquantifying uncertainties and estimating margins to failure ahead of time. As
such, fuel designs for new reactor designs will likely rely on a combination of legacy designs and safety
and performance analyses obtained from fuel performance codes.

This document examines functional and operational requirements, as well as the design criteria applied to
EBR-11 Mark-V and Mark-VA driver fuel. This work also provides an overview of metallic fuel
thermomechanical responses and irradiation behaviors in order to identify general expectations for fuel
performance codes. Requirements are defined for a metallic fuel performance code, focusing on designs
that utilize U-Pu-Zr fuel alloys with Pu contents between 0 and 20%; HT-9, D9, and SS316 claddings;
smeared densities of about 75%; and a liquid sodium bond. A number of minimum technical requirements
and additional desired features for fuel performance codes are listed, as are programmatic and logistical
considerations for fuel performance code development, selection, and use.

These requirements will inform development of a benchmarking plan for the VTR project, which is
planned for the near future. In the benchmarking plan, the selected metallic fuel performance code will be
evaluated against the technical code requirements to identify potential shortcomings and to inform
recommendations for further development. The logistical and programmatic code requirements will
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continue to be refined as necessary and appropriate in collaboration with VTR leadership, members of the
VTR quality team, and others.
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